Ovarian cancer is a complex disease with heterogeneity among the gene expression molecular subtypes (GEMS) between patients. Patients with tumors of a mesenchymal ("Mes") subtype have a poorer prognosis than patients with tumors of an epithelial ("Epi") subtype. We evaluated GEMS of ovarian cancer patients for molecular signaling profiles and assessed how the differences in these profiles could be leveraged to improve patient clinical outcome. Kinome enrichment analysis identified AXL as a particularly abundant kinase in Mes-subtype tumor tissue and cell lines. In Mes cells, upon activation by its ligand GAS6, AXL coclustered with and transactivated the receptor tyrosine kinases (RTKs) cMET, EGFR, and HER2, producing sustained extracellular signal-regulated kinase (ERK) activation. In Epi-A cells, AXL was less abundant and induced a transient activation of ERK without evidence of RTK transactivation. AXL-RTK cross-talk also stimulated sustained activation of the transcription factor FRA1, which correlated with the induction of the epithelial-mesenchymal transition (EMT)-associated transcription factor SLUG and stimulation of motility exclusively in Mes-subtype cells. The AXL inhibitor R428 attenuated RTK and ERK activation and reduced cell motility in Mes cells in culture and reduced tumor growth in a chick chorioallantoic membrane model. A higher concentration of R428 was needed to inhibit ERK activation and cell motility in Epi-A cells. Silencing AXL in Mes-subtype cells reversed the mesenchymal phenotype in culture and abolished tumor formation in an orthotopic xenograft mouse model. Thus, AXL-targeted therapy may improve clinical outcome for patients with Mes-subtype ovarian cancer.
INTRODUCTION
Epithelial ovarian cancer is a lethal malignancy with nonspecific symptoms in early stages that enable silent progression of the disease. Most cases are diagnosed in the advanced stages, and despite treatment, prognosis is poor with 5-year survival lower than 30%. Locoregional dissemination of the tumor and metastases contribute to immense disease burden. Furthermore, epithelial ovarian cancer is hallmarked by a high degree of genetic and epigenetic aberrations, resulting in a diverse repertoire of modified cellular networks that can be delineated into distinct molecular subtypes based on gene expression profiling (1, 2) . These gene expression molecular subtypes (GEMS) are robust and reproducible as reported in the Australian Ovarian Cancer Study (1) , The Cancer Genome Atlas (TCGA) (2) , and by a large-scale meta-analysis study (3) . At least five distinct GEMS of epithelial ovarian cancer have been identified: epithelial-A (Epi-A), epithelial-B (Epi-B), mesenchymal (Mes), Stem-A, and Stem-B (3). Elucidation of key signaling networks has further identified distinct players that promote tumorigenesis in each subtype.
The Stem-A subtype, which corresponds to the C5 subtype from the Tothill data set and the proliferative subtype from the TCGA data set, is driven by MYCN amplification (4) and FZD7 overexpression (5) , is enriched in microtubule-related gene sets, and is dependent on microtubule-associated genes for growth (3) . The Mes subtype, which corresponds to the C1 subtype from the Tothill data set and the mesenchymal subtype from the TCGA data set, shows high correlation with transforming growth factor-b (TGF-b) pathway in gene set enrichment analysis (GSEA) with poor survival outcomes (1-3). The TGF-b pathway promotes epithelial-mesenchymal transition (EMT) (6) . Mes-subtype tumors display extensive desmoplastic stromal reactions (1) that are associated with EMT and a microRNA network suppressing the expression of genes encoding E-cadherin (CDH1), vimentin (VIM), SLUG (SNAI2), and the epithelial transcriptional gatekeeper GRHL2 (7) .
The RTK AXL belongs to the Tyro3-Axl-Mer (TAM) family of RTKs (8) along with MER and Tyro-3 and is activated by its ligand growth arrest-specific 6 (GAS6) (9) . Its expression has been shown to be of prognostic value in breast (10) and lung (11) cancers. AXL has also been suggested as a therapeutic target for breast (12) and pancreatic cancer (13) , and cancers demonstrating resistance to epidermal growth factor receptor (EGFR) and phosphatidylinositol 3-kinase (PI3K) inhibition (14) (15) (16) . In epithelial ovarian cancer, AXL is highly expressed in advanced-stage diseases, predominantly in peritoneal deposits and metastases (17) . Silencing AXL or blocking the GAS6-AXL pathway prevents regional dissemination of ovarian cancer cells in vivo (18) . However, the role of AXL in the heterogeneous molecular backgrounds of epithelial ovarian cancer and the potential functional and therapeutic implication are yet to be defined.
The concept of GEMS-specific therapeutics has been well developed in breast cancer (19) . However, data supporting the GEMSspecific management in epithelial ovarian cancer are newly emerging. The GEMS-specific pathways in epithelial ovarian cancer further point to the direction for developing new therapeutic strategies. The Stem-A subtype exhibits preferential sensitivity to microtubule destabilizers, such as vinorelbine (3) . Inhibiting the TGF-b pathway might be a potential option for patients with the Mes subtype (20) . The feasibility to stratify epithelial ovarian cancer patients on the basis of GEMS using a laboratory-based assay on formalin-fixed, paraffin-embedded (FFPE) diagnostic blocks has been demonstrated recently (21) . Therefore, there is an eminent need in the field to quest for GEMS-specific therapeutic targets for epithelial ovarian cancer patients to achieve personalized precision management.
Here, we investigated the molecular differences in kinase signaling patterns among the various ovarian cancer GEMS and whether these profiles are predictive of therapeutic efficacy. Our data suggest that, in contrast to the Epi-A subtype, the Mes subtype is hallmarked by a receptor tyrosine kinase (RTK) cross-talk network sustained by the GAS6-AXL signaling node. The findings show how particularly the Mes and Epi-A subtypes differ, in molecular and cell behavior phenotypes as well as in drug response, thereby supporting the future development of GEMS-stratified clinical trials for epithelial ovarian cancer patients.
RESULTS
Interrogation of kinome profiles identifies AXL as highly expressed in Mes ovarian tumors and cell lines Upon interrogating the kinome gene expression patterns in a published data set of ovarian cancer tumors and cell lines (3), we found that AXL was among the most highly expressed kinases in the Mes subtype (fig. S1, A and B). Tumors and cell lines of the Mes subtype in this data set (3) had significantly greater AXL gene expression than did the other subtypes (Fig. 1, A and B) . Survival analysis showed that AXL overexpression correlated with poor prognosis in ovarian cancer patients (Fig. 1C ) in both univariate and multivariate analyses (table S1). AXL was a prognostic factor for poor overall survival independent of known prognostic factors: patient age, tumor stage, tumor grade, and metastasis status. After stratification by the five GEMS, multivariate Cox's regression showed that AXL was still an independent prognostic factor for poor overall survival (table S2). The prognostic relevance of AXL has been validated in an independent cohort (fig. S1, C and D).
Mes, but not Stem-A, was largely positive for AXL when examining the total AXL protein expression in the SGOCL panel of ovarian cancer cell lines (22) matched with the GEMS (Fig. 1D) (3) . Cells of the Epi-A and Epi-B subtypes collectively were moderately positive for AXL protein expression (Fig. 1D and fig. S1E ). Because AXL has been associated with EMT, we further examined, within each GEMS, whether AXL expression would correlate with different phenotypes along the previously described EMT spectrum: epithelial (E), intermediate epithelial (IE), intermediate mesenchymal (IM), and mesenchymal (M) (22) . Whereas the GEMS are principally delineated on the basis of molecular profiles, the EMT phenotypes are segregated on the basis of immunostaining and visualization of classic EMT markers such as E-cadherin, vimentin, and cytokeratins. From a phenotypic standpoint, cell lines of the IM phenotype, which has previously been shown to be an aggressive, anoikis-resistant state (22) , were all positive for AXL abundance (Fig. 1D and fig. S1F ) and also had the highest AXL abundance among the classifications (Fig.  1D and fig. S1G ). AXL protein abundance was high in both Epi-A and Mes subtypes, whereas it was low in both Stem-A and Stem-B subtypes (Fig. 1D ). These data suggest that although AXL is highly expressed in cells of the Mes and the IM phenotypes, it is also expressed abundantly in cells of the Epi-A and the IE phenotypes.
GEMS-specific AXL activation has divergent consequences in downstream ERK activation, cell proliferation, and motility We next asked whether AXL played different roles in Mes and Epi-A. Cells representing the different ovarian cancer GEMS (fig. S2A) were stimulated with GAS6 over time to study the kinetics of downstream signaling by Western blotting for phosphorylated extracellular signalregulated kinase (pERK) and pAKT responses. Upon GAS6-AXL activation, Mes showed two inductions of ERK phosphorylation at early (10, 20 , and 30 min) and late (6 and 12 hours) time points (Fig. 1E  and fig. S2C ). The other subtypes, such as Epi-A and Stem-A, showed single induction of ERK activation only at the early time points (10, 20 , and 30 min) (Fig. 1E and fig. S2C ). Additional time course experiments showed that the pERK response in Epi-A subtype PEO1 cells is truly transient with no recurrence, whereas Mes-subtype SKOV3 cells showed multiple waves of ERK activation ( fig. S2D ). Within each GEMS, the EMT phenotypic classification further dictated the pattern of AKT activation (Fig. 1E and fig. S2 , B and C). In GEMS with single inductions of pERK, such as Epi-A, Epi-B, and Stem-A subtype cells, AKT activation was induced once in cells of the epithelial or intermediate epithelial phenotype. However, in those of a mesenchymal or intermediate mesenchymal phenotype, AKT activation occurred in dual peaks ( Fig. 1E and fig. S2 , B and C). For Mes, AKT activation persisted from the early to the late time points regardless of the EMT phenotype ( Fig. 1E and fig. S2 , B and C). Densitometric quantitation further validated high abundance of pERK at both early and late time points in Mes, whereas Epi-A, Epi-B, and Stem-A showed pERK only at initial stages (Fig. 1F) . Because changes in the temporal duration of ERK signaling elicit diverse biological outcomes (23, 24) , the recurrence of the pERK signal upon GAS6-AXL activation suggests that the temporal duration of the signal is sustained in Mes and that this might affect relevant downstream biological functions.
AXL signaling promotes cancer cell survival (13, 25) . A moderate increment in cell proliferation was observed upon GAS6 stimulation in all ovarian cancer GEMS without specific differences ( fig. S2E ). AXL signaling also enhances cancer cell invasion and metastasis (13, 26) . We utilized single-cell tracking to monitor cell motility by measuring several kinetic parameters such as displacement, velocity, speed, and directional persistence. Upon GAS6-AXL stimulation, Mes cells showed significant increase in all four kinetic parameters ( fig. S2F ). Upon GAS6 stimulation, Mes cell lines showed a significant enhancement in displacement ( Fig. 1G and fig. S2G ) and in gap closure migration assays ( Fig. 1H and fig. S2H ), whereas the other GEMS did not.
Together, GAS6-AXL activation has divergent control in downstream signaling and functions that are GEMS-specific in ovarian cancer. In Mes, it results in a recurrent sustained ERK response, which causes an increase in both proliferation and cell motility. However, in Epi-A, GAS6-AXL activation stimulates a single and transient ERK response that only results in an increase in proliferation.
GEMS-specific AXL activation reveals an extensive RTK cross-talk network in Mes To understand the signaling circuitry that is connected to the recurrent ERK activation response specific to Mes-subtype cells, a reversephase protein array (RPPA) experiment was carried out using a Mes cell line (SKOV3) and an Epi-A cell line (PEO1) treated with GAS6 at 30 min and at 12 hours to evaluate the early and late responses, respectively. SKOV3 cells displayed increased abundance of pEGFR, pHER2, and pMET at both 30 min and 12 hours after GAS6 stimulation compared to the 0-min control ( Fig. 2A) . This pattern was parallel to the higher and sustained pAXL signals observed previously by Western blotting (Fig. 1E and fig. S2C ). This suggested that there were cross-talks between AXL and other RTKs in Mes. However, this RTK cross-talk phenomenon was completely deficient in the Epi-A PEO1 system, where no significant transactivation of EGFR, HER2, or cMET was detected after GAS6 treatment ( Fig. 2A) . The RPPA results were validated by Western blotting and extended to the cell lines OVCA429 (Epi-A) and HEYA8 (Mes) (Fig. 2B ). An in situ proximity ligation assay, Duolink, was carried out to explore whether the crosstalks between AXL and these RTKs were mediated via protein-protein Data are means ± SEM from at least three experiments; *P < 0.05, **P < 0.01, and ***P < 0.001 by Student's t tests. (E) Western blotting for pAXL, pEGFR, pHER2, and pERK in GAS6-stimulated OVCA429 cells, transfected with GRHL2 short hairpin-mediated RNA (shRNA), TWIST1, or the corresponding control. Blots and microscopy images are representative of three experiments.
upon GAS6 stimulation in SKOV3 but not in PEO1 cells ( Fig. 2A) . Their activation correlated with the phosphorylation of sustained response proteins such as ELK1, p90RSK, and FRA1 at 12 hours in SKOV3 cells, which was absent in PEO1 cells ( Fig. 2A) . FRA1 induction alongside the sustained ERK activation was confirmed by Western blot analysis (Fig. 2B ). Sustained activation of ERK stabilizes FRA1 (27) , the activity of which has been linked to the induction of EMT transcription factors ZEB1 and SLUG and, consequently, increased motility (28) . SLUG induction in Mes was confirmed by Western blotting (Fig. 2B) . The MEK inhibitor PD0325901 (29) Together, our data indicate that the AXL-RTK network and the signaling cascade responsible for the increased cell motility in Mes are deficient in other GEMS, such as Epi-A. The Mes subtype is wired with a unique signaling cross-talk network that contributes to its biological functions. Indeed, knocking down epithelial status maintaining transcription factor GRHL2 (7) or overexpressing EMT inducing TWIST1 (31) in epithelial OVCA429 promoted a mesenchymal phenotype ( fig. S3J ) and induced AXL-RTK cross-talk and recurrent pERK response (Fig. 2E ).
AXL kinase domain is crucial to initiate phosphorylation of RTKs
To study the functional relevance of the AXL kinase domian, we transfected AXL-null Epi-A cell line PEO4, and Mes cell line TYKnu with a plasmid encoding either functional AXL or a kinase-deficient K567R mutant AXL (Fig. 3A) (32) . Stimulation of AXL-transfected PEO4 cells with GAS6 for 30 min induced the phosphorylation of AXL but not EGFR, as expected of epithelial systems (Fig. 3B) . Stimulation of transfected TYKnu cells with GAS6 induces the phosphorylation of AXL as well as EGFR. However, in AXL K567R (kinase-deficient)-transfected TYKnu cells, neither AXL nor EGFR was activated (Fig. 3B ). Duolink assays were carried out to corroborate these Western blot results and investigate the interaction between AXL and EGFR. AXL-EGFR clustering occurred in both AXL-and AXL
K567R
-transfected Mes-subtype TYKnu cells; however, no pEGFR was detected in AXL K567R -transfected cells (Fig. 3C ). This suggests that GAS6-AXL signaling-induced RTK cross-talk relies on the AXL kinase activity to phosphorylate the other RTKs.
Epithelial systems are under dual regulation of membrane rafts and cellular phosphatases to curtail AXL signaling To decipher the differential modulation of AXL signaling in Epi and Mes systems, we investigated the role of membrane-organized lipid rafts, which regulate signal transduction (33) . We depleted cholesterol, an integral component of the lipid rafts, using methyl-b-cyclodextrin (MBCD) in Epi-A cell lines PEO1 and OVCA429 and Mes cell lines SKOV3 and HEYA8. Cholesterol depletion, as measured by the intensity of cholesterol-bound filipin staining, was observed up to 12 hours after MBCD treatment (Fig. 4A ). Subsequent to loss of membrane architecture integrity, GAS6 stimulation resulted in AXL-RTK crosstalk in Epi-A subtype PEO1 and OVCA429 at early (30 min) and late (12 hours) time points but only induced ERK activation at the early time point (Fig. 4B ). This suggested that epithelial systems are under modulation of more than just the membrane rafts. To investigate the cause of the reduced ERK response, even upon increased AXL-RTK cross-talk, we analyzed the expression pattern of dual specificity phosphatases (DUSPs) across the Epi-A and Mes subtypes (Fig. 4C) . DUSP4, with an abundance significantly lower in Mes subtype (Fig.  4D) , dephosphorylates ERK to modulate the MEK-ERK cascade in ovarian cancer (34) . Silencing DUSP4 with small interfering RNA (siRNA) in Epi-A PEO1 and OVCA429 cells (Fig. 4E) increased the temporal ERK response (Fig. 4F and fig. S4A ) but not to the extent that was observed in Mes cells. This may be explained by lack of AXL-RTK cross-talk in Epi-A cells. Epi-A cells treated with both MBCD and DUSP4 siRNA induced AXL-RTK cross-talk as well as ERK activation at a later time point (Fig. 4G and fig. S4B ). In epithelial systems, RTK networks are modulated by membrane architecture, and ERK activity is regulated by DUSP4; thus, loss of both these regulatory mechanisms enables a signaling phenotype that is mesenchymal-like (Fig. 4H ). DUSP2  DUSP3  DUSP4  DUSP5  DUSP6  DUSP7  DUSP8  DUSP9  DUSP10  DUSP11  DUSP12  DUSP13  DUSP14  DUSP15  DUSP16  DUSP18  DUSP19  DUSP21  DUSP22  DUSP23  DUSP26  DUSP27 The Mes subtype is more sensitive to the AXL inhibitor R428 R428, an AXL-selective inhibitor, blocks tumor dissemination and prolongs survival in mouse models of metastatic breast cancer (12) . To support specificity of the inhibitor, we first confirmed that R428 did not disrupt EGF-EGFR signaling ( fig. S5A ). To test whether R428 causes different effects among ovarian cancer GEMS, we treated 10 selected cell lines representing the different GEMS ( fig. S2A ) with R428 for 48 hours to determine the 50% growth inhibition (GI 50 ) concentrations. Mes cell lines had a significantly lower mean GI 50 of 2.91 mM compared to the other subtypes with a mean GI 50 of 9.38 mM (P = 0.016) (Fig. 5A) . Furthermore, AXL-deficient Epi-A PEO4 cells, and Mes TYKnu cells, were transfected with wild-type or kinase-deficient (K567R) AXL and treated with R428. The R428-mediated GI 50 in AXL-null PEO4 and TYKnu cells was high at 195.9 and 262.86 mM, respectively, enforcing the specificity of the AXL inhibitor ( fig. S5B ). High GI 50 relevance of the AXL kinase domain (fig. S5B) fig. S5B) .
DUSP1
Because Mes has a unique GAS6-AXL signaling network, we explored the effect of R428 on this signaling network in comparison to Epi-A. Two Epi-A lines (PEO1 and OVCA429) and two Mes lines (SKOV3 and HEYA8) were chosen and preincubated with dimethyl sulfoxide (DMSO; control), 2.91 mM (GI 50 Mes ), and 9.38 mM (GI 50 non-Mes ) of R428. From both Western blotting and immunostaining, the early-phase ERK activation in Epi-A was only inhibited at the higher concentration of R428 at 9.38 mM, whereas the early-and late-phase ERK activation in Mes were effectively inhibited at the lower concentration of 2.91 mM (Fig. 5, B and C, and fig. S5C ). In addition, these four cell lines also represent different phenotypes along the EMT spectrum (E, PEO1; IE, OVCA429; IM, SKOV3; M, HEYA8). From the phenotypic perspective, lower R428 concentration of 2.91 mM had no effect on the pERK and pAXL activations in PEO1 (E), whereas OVCA429 (IE) showed a moderate reduction (Fig. 5C and  fig. S5C ). The SKOV3 (IM) line showed a drastic decrease, whereas the HEYA8 (M) line showed complete inhibition at 2.91 mM (Fig.  5C and fig. S5C ). Mes shows dependence on the GAS6-AXL axis and is therefore very sensitive to AXL inhibition. In addition, complex RTK networks connected by AXL might govern the phenotypic transition along the EMT gradient.
To analyze the functional consequences following AXL signaling inhibition, we preincubated PEO1, OVCA429, SKOV3, and HEYA8 with R428 and tracked for motility. Similar to the pERK and pAXL signaling inhibition, Epi-A cell lines showed motility inhibition only at the higher concentration of R428, whereas Mes cell lines showed effective inhibition at the lower concentration (Fig. 5D and fig. S5, D to F) .
To translate the AXL signaling inhibition and functional repression to a biologically relevant system, we embedded the four cell lines in Matrigel and deposited on top of the chick chorioallantoic membrane (CAM) model to study the relevance of AXL inhibition in ovo. The in ovo findings substantiated the in vitro results, with HEYA8 and SKOV3 forming large tumors in the CAM, which were significantly suppressed at 2.91 mM as well as at 9.38 mM of R428 (Fig. 5, E and  F) . Unlike its Mes counterparts, tumor formation in PEO1 was not inhibited at 2.91 mM but only at 9.38 mM (Fig. 5, E and F) . The OVCA429 line proved to be nontumorigenic in the CAM system. Together, these results indicated the preferential application of inhibiting AXL in the Mes subtype of epithelial ovarian cancer, in which significant sensitization to R428 can be achieved.
AXL governs the sequential phenotypic and functional transition of EMT Apart from pharmacological inhibition of AXL, shRNA-mediated silencing of AXL was also utilized to better understand its functional role in ovarian cancer. Two shRNAs (shAXL#40 and shAXL#41) were used to knock down AXL, and a nontargeting shRNA (shLuciferase) was used as a control, in Epi-A OVCA429 and Mes SKOV3 cell lines. More than 90% reduction in total AXL protein expression was achieved by both shRNAs (Fig. 6A) . Phase-contrast images revealed that in shAXL clones, OVCA429 formed more compact colonies, and SKOV3 reverted from a fibroblastic to a loosely defined colony structure (Fig. 6B) . Immunofluorescence staining revealed that shAXL OVCA429 cells increased the intensity of E-cadherin staining at the cell-cell junctions together with a complete restoration of cytoplasmic b-catenin to the junctions (Fig. 6C) . The shAXL SKOV3 cells showed reexpression of E-cadherin, which was mostly cytoplasmic with partial restoration to the cell-cell junctions (Fig. 6C) . These data suggested that AXL knockdown causes a partial reversal along the EMT spectrum. The reversal in OVCA429 is from an IE state to a more epithelial state, whereas the SKOV3 reverts from an IM state to an IE state. This implies that the extent of EMT reversal upon AXL knockdown is sequential and depends on the cell line's original EMT state (Fig. 6D) . Note that although the Mes subtype is indeed more sensitive to pharmacological inhibition of AXL at lower doses of R428, shRNA-mediated AXL silencing did not induce differential survival benefits but induced EMT reversal in both Epi-A and Mes.
To substantiate the functional effect of partial EMT reversal in shAXL cells, we carried out motility assays. Single-cell motility analysis and gap closure assays in shAXL#40 and shAXL#41 clones showed a significant reduction ( fig. S6, A to C) . These results were consistent with the functional changes in cell motility after R428 inhibition.
AXL knockdown reduces anchorage-independent growth, invasion, and tumor formation In addition to the effect on EMT reversal, proliferation, soft agar, and invasion assays were carried out in the shAXL cells. Both Mes SKOV3 and Epi-A OVCA429 shAXL cell lines showed reduced proliferation (Fig. 6, E and F) . This is concordant with the proliferative effects observed after GAS6 stimulation that both Epi-A and Mes require AXL signaling for cell growth. For soft agar assays, OVCA429 cells showed minimal colony formation, which was completely abrogated in shAXL (Fig. 6G and fig. S6D ). In SKOV3, the control cells showed significant colony formation in soft agar, and shAXL attenuated its clonogenic ability ( Fig. 6G and fig. S6D ). Spheroid invasion assays showed a similar trend with OVCA429, forming minimally invasive spheroids, an effect that was completely prevented in shAXL. SKOV3 showed numerous invasive protrusions from the spheroids, which was abolished in shAXL ( Fig. 6H and fig. S6E ).
When the spheroid invasion assay was performed in reduced serum conditions with GAS6 treatment, only the Mes SKOV3 cell line showed invasion, but not the Epi-A OVCA429 cell line ( fig. S6, F and G) . Our data suggested that AXL played an important role in both the anchoragedependent and anchorage-independent growth. It is particularly essential for the mesenchymal phenotype such as Mes that AXL is required for anchorage independency.
In an orthotopic xenograft tumor model in mice, shAXL#40 and shAXL#41 SKOV3 cells showed complete inhibition of tumor formation and growth compared to shLuciferase control. Tumor inhibition was 100%, with SKOV3 shLuciferase control forming tumors [average weight of 0.3658 g (SEM, 0.1563); average number of 5.8 (SEM, 0.74)], and the SKOV3 shAXL#40 and shAXL#41 clones forming no tumors (P = 0.0474; P = 0.0001) (Fig. 6, I and J). This is consistent with the R428-mediated tumor reduction observed in the in ovo CAM model, suggesting that AXL is indeed a key signaling node for Mes.
The AXL signature is clinically relevant for patient stratification A gene signature of the top 30 genes correlating with AXL expression (Fig. 7A) was derived from the gene expression microarray analysis (3). This "AXL gene signature" was significantly overexpressed in Mes-type tumors (Fig. 7B) . EMT scoring is a quantitative measure of the effects of EMT on cancer progression (35) ; GEMS classification and EMT status in ovarian tumors robustly correlate with a poor prognosis in patients (35) . By analyzing the gene expression profiling meta-analysis cohort (3), the AXL gene signature positively correlated with the ovarian-specific EMT score (Rho = +0.4148, P = 5.23 × 10 −65 ) (Fig. 7C ) and negatively correlated with overall patient survival (Fig.  7D) . These findings were validated in an independent cohort ( fig. S7, A to C). Multivariate analysis also shows a significant prognostic relevance of the AXL signature (table S3 ). In addition, the AXL gene signature was significantly overexpressed in omental metastases (36) (P = 0.0078) and platinum-resistant relapsed tumors (37) (P = 0.0059) compared to their paired primary tumors (Fig. 7E) . This is transfected with either shLuciferase (control) or one of two AXL shRNAs. Data are means ± SEM from at least three experiments (E and F) or five mice per condition (I and J); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by Student's t tests. Blots and microscopy images are representative of 3 experiments.
consistent with the notion that AXL overexpression is associated with poor prognosis (26) . The strong correlation between AXL and EMT further highlighted its relevance in EMT modulation and subsequent effects in promoting tumor dissemination and drug resistance, which translates to patient survival. Analyzing RPPA data in the TCGA revealed greater abundance of pMAPK in Mes-subtype cells (P = 0.0282) (Fig. 7F) ; we propose that this could at least partially be the result of increased GAS6-AXL signaling and RTK cross-talk. An increased phosphorylation of ERK in Mes-type cells was validated by Western blotting tumor samples that had been previously stratified by GEMS (Fig. 7G) (38) .
Together, our data indicate that cells of different GEMS in ovarian cancer show varied responses to the same kinase signaling axis that direct functional and therapeutic consequences. In particular, our data suggest that the Mes subtype is addicted to the GAS6-AXL-RTK cross-talk. The recurrent temporal activation of ERK downstream to GAS6-AXL results functionally in a motile and invasive phenotype that is synonymous with EMT. Therapeutically, the amplified signaling sensitizes the Mes subtype to AXL inhibition, thus providing evidence to utilize AXL as a GEMS-specific target. Moreover, because our data indicate that AXL mediates EMT, stratifying patients for AXL inhibition on the basis of EMT status may also be a rational clinical strategy. AEBP1  AXL  CDH11  COL10A1  COL1A1  COL3A1  COL5A1  COL5A2  CRISPLD2  CTSK   PTGIS  SERPINF1  SFRP4  SNAI2  SPARC  THBS1  THBS2  TIMP3  VCAM1  VCAN  ZEB1   CXCL12  DCN  EFEMP1  FAP  FBN1  FN1  INHBA  LUM  MMP2  OLFML3 AXL gene signature DISCUSSION AXL was originally identified as a transforming gene in human myeloid leukemia cells (39) . There is ectopic expression or overexpression in several cancers including glioblastoma, lung, breast, colorectal, gastric, pancreatic, bladder, renal, endometrial, and ovarian cancer (17) . In ovarian cancer, AXL is crucial to initiate and sustain metastasis and tumor dissemination in mouse models (18) . However, given the vast molecular heterogeneity of the disease, the biology of AXL in the ovarian context is unclear. Here, we illustrated the divergent roles of AXL among the GEMS in ovarian cancer. AXL is significantly enriched in Mes, and its activation potentiates cross-talk with EGFR and cMET, amplifying downstream oncogenic signaling such as recurrent pERK peaks. The differential pERK responses between Epi-A and Mes could potentially be linked to an increased complex network of RTK interactions along the EMT spectrum, resulting in the amplification of RTK signaling. Our results indicate a reliance of the Mes subtype on the GAS6-AXL module to propagate RTK signaling interactions. AXL has been previously shown to interact with cMET (40), EGFR (14) , and HER2 (41) in lung and breast cancers. In head and neck and esophageal squamous cell carcinomas, it has been reported that AXL dimerizes with EGFR to confer resistance to PI3K inhibition (16) . This AXL-RTK cross-talk might exist in reciprocal control since activation of EGFR was shown to transactivate AXL in triple-negative breast cancer, thereby promoting additional signaling cascades to effect motility responses (42) . Notably, inhibiting AXL in MCF7 and T47D cell lines had no effect, whereas the MDA-MB-231 and MDA-MB-157 showed loss of EGFR-mediated functions when AXL was inhibited (42) . The former two cell lines have a negative EMT score and are classified as epithelial, whereas the latter have a positive EMT score and are classified as mesenchymal (35) . Therefore, this AXL-RTK reciprocal cross-talk might be tightly governed by the intrinsic EMT status that only exists in the mesenchymal phenotype. This alludes to the conserved ability of one oncogenic RTK to recruit and activate other receptors through clustering, leading to the diversification of signaling pathways in cells that have undergone an EMT, conferring the mesenchymal state with a more aggressive phenotype. Additional evidence comes from targeting AXL with a high-affinity RNA-based inhibitory aptamer GL21.T that abrogates AXL-mediated invasion and tumor growth in mice (43) . This aptamer selectively accumulates in the AXL-overexpressing, mesenchymal-like A549 xenograft (43) but not in the AXL-low, epithelial MCF7. In mesenchymal systems such as A459 and MDA-MB-231, AXL inhibition improves responses to erlotinib and reduces metastasis in vivo (44) . Collectively, it is clear that anti-AXL therapy will principally be efficacious in systems that have undergone EMT. However, it is worthwhile to note that in pancreatic cancer models in mice, anti-AXL monoclonal antibodies (mAbs) have inhibited the growth of xenografts derived from epithelial cell lines (such as BxPC-3) and mesenchymal cell lines (such as MiaPaCa-2) alike (45) .
Downstream the AXL-RTK network, several adapter proteins such as SHC, SRC, and SHP-2 are activated in Mes but not in Epi-A. This is paralleled to the recurrent ERK activation followed by FRA1 induction. Consequently, the sustained ERK and FRA1 activation contributes to an EMT-like phenotype in terms of enhanced motility. ERK activation has been previously linked to motility (46) via the EMT-inducing transcription factor Slug (47) . The ERK/FRA1 axis is involved in modulating the EMT transcription factors Slug and ZEB1 and cell motility (27, 48) . Our data not only corroborate with these findings but also provide additional significance in the specific activation of this signaling cascade in a clinically relevant subset of ovarian cancer, the Mes subtype. This might lead to a targetable conduit for the AXL-RTK-ERK axis by precise patient stratification in ovarian cancer. The tendency of Mes to amplify AXL signaling results into an increase in the sensitivity to pharmacological inhibition of AXL compared to other ovarian cancer GEMS. In lung cancer, mesenchymal cells are more sensitive to AXL inhibition by the small-molecule inhibitor SGI-7079, and this is primarily because of increased AXL abundance (15) . However, our findings further show that in addition to AXL abundance, the AXL-RTK-ERK cross-talk pattern is another important feature to determine the sensitivity to AXL inhibition.
AXL-associated EMT has been shown to mediate resistance to targeted therapy (12, 14, 15, 49, 50) . Pharmacologic inhibition of AXL activity has been demonstrated to reverse the resistance. In non-small cell lung cancer, mesenchymal cells show greater resistance to EGFR-targeted therapy due to increased abundance of AXL. This resistance can be reversed by inhibiting AXL (15) , which suggests oncogenic dependence on AXL in systems that have undergone EMT. Increased activation of AXL in the absence of acquired EGFR T790M mutation or cMET activation confers erlotinib resistance in multiple lung cancer models in vitro and in vivo, with genetic or pharmacologic inhibition of AXL restoring sensitivity (14) . These findings highlight the therapeutic potential of AXL inhibition in drug-resistant tumors. Currently, there are several AXL-targeted inhibitors, such as MGCD265, NPS-1034 (51), S49076 (52) , and CEP-40783, that cross-inhibit other RTKs, particularly cMet. Most of these inhibitors are positioned to be used as the secondline treatment after acquiring EGFR resistance (51, 53) . However, another potential approach would be to target the mesenchymal system with AXL inhibition as the first-line treatment. This rationale is based on our finding that the RTK activation network exhibit increasingly robust cross-talk along the EMT gradient, thereby drastically sensitizing mesenchymal-like cancer cells to inhibition of the AXL signaling node. Our data also imply that tumors of an epithelial phenotype will also show some sensitivity at higher doses. We speculate that the epithelial cells are likely to retain linear signaling axis, which shows a dose-dependent inhibition. The linear signaling nature of the AXL axis in Epi-A-type tumors has decreased dependency on AXL signaling and suggests that resistance to selective AXL inhibitors would be more likely. It will be worth exploring whether those inhibitors targeting both AXL and other RTKs would be a better choice for the epithelial Epi-A subtype.
There are several strategies to target AXL. Several small-molecular weight compounds that inhibit the kinase pocket of AXL are in the clinical pipelines (54) . A monoclonal antibody YW327.6S2 has proven to be effective in blocking the GAS6-AXL axis by binding and internalizing AXL (44) . Apart from targeting AXL directly, a "decoy receptor" has been engineered to bind GAS6 and inhibit its function and has shown to markedly reduce metastatic spread in SKOV3 intraperitoneal mouse model (55) . Apart from pharmacological inhibition, genetic inhibition of AXL using shRNA showed partial reversal of EMT in ovarian cancer cell lines and reduction in motility and invasion and in tumorigenesis in vivo.
In conclusion, molecular stratification of ovarian cancer by GEMS enables the identification of key players in molecular networks that modulate the functions of a specific molecular subtype, with AXL being a crucial player in the Mes subtype. The GAS6-AXL pathway initiates a recurrent and sustained ERK response exclusively for the Mes subtype, which contributes to an increase in motility and signal amplification via extensive cross-talks with other RTKs. This inherent amplification of oncogenic signaling makes the Mes subtype more sensitive to AXL inhibition. Thus, identifying the Mes-subtype ovarian cancer patients followed by targeted AXL inhibition would be promising in a prospective clinical setting, such as in platinum-resistant diseases.
MATERIALS AND METHODS

Cell culture
Thirty eight of the 43 SGOCL panel of ovarian cancer cell lines used have been documented previously (22) . They were cultured in their specified media with requisite amounts of fetal bovine serum and 1% penicillin and streptomycin (Sigma-Aldrich) and grown at 37°C in a 95% air and 5% CO 2 -regulated incubator. For kinetic stimulation studies, the 10 epithelial ovarian cancer cell lines were seeded to attain 70% confluence, serum-starved overnight, and activated with GAS6 (400 ng ml −1 ; #885-GS, R&D Systems) for 0, 10, 20, and 30 min and 1, 3, 6, 12, and 24 hours, and lysates were collected for analysis. For AXL inhibitor studies, the 10 epithelial ovarian cancer cell lines were seeded to obtain 80% confluence at the end of study, incubated with R428 (#BGB324, Selleckchem) at varying doses between 0 and 80 mM for 48 hours to calculate GI 50 doses. CellTiter MTS cell proliferation assay (#G3580, Promega) was used to evaluate 50% inhibition. For GAS6 kinetics upon AXL inhibition, cells were serum-starved overnight and preincubated with GI 50 non-Mes or GI 50 Mes concentrations of R428 for an hour, whereas control cells were incubated with DMSO and then stimulated with GAS6 (400 ng ml
) for requisite time points. For the MEK inhibitor studies, cells were preincubated with either no drug (DMSO-only control) or 2 mM PD0325901 for 4 hours and then stimulated with GAS6 to visualize signaling kinetics and motility. For ERK inhibitor studies, cells were preincubated with either DMSO (control) or 5 mM SCH772984 for the required time to study the time course-dependent effects. For transfection experiments in PEO4 and TYKnu cells, IRES-GFP-AXL-KD and pIRESpuro2 AXL were a gift from A. Meyer (plasmids #65498 and #65627, Addgene).
Antibodies AXL C89E7 rabbit mAb (#8661), phospho-AXL Tyr 702 D12B2 rabbit mAb (#5724), phospho-AKT Ser 473 D9E XP rabbit mAb (#4060), phospho-AKT Thr 308 D25E6 XP rabbit mAb (#13038), AKT pan 11E7 rabbit mAb (#4685), GAPDH D16H11 XP rabbit mAb (#5174), Slug C19G7 rabbit mAb (#9585), phospho-FRA1 Ser 265 D22B1 rabbit mAb (#5841), phospho-HER2/Erb2 Tyr 124 8 rabbit mAb (#2247), HER2/Erb2 29D8 rabbit mAb (#2165), phospho-EGFR Tyr 1068 D7A5 XP rabbit mAb (#3777), phospho-Met Tyr 1234/1235 3D7 rabbit mAb (#3129), and cMET 25H2 mouse mAb (#3127) were purchased from Cell Signaling Technology (CST). Phospho-ERK1 pT202/pY204 + phospho-ERK2 pT185/pY187 mouse mAb (#ab50011) and ERK1/2 rabbit polyclonal antibody (pAb) (#ab17942) were purchased from Abcam. EGFR/ErbB1 goat pAb (#E1157) was purchased from Sigma-Aldrich. The above listed primary antibodies were used in immunoblotting at 1:1000 dilution. b-Catenin D10A8 XP rabbit mAb (#8480) from CST and E-Cadherin Clone 36/E mouse mAb (#610182) from BD Biosciences were used 1:100 and 1:2000 for immunostaining, respectively. The phospho-HER2, phospho-EGFR, phospho-Met, and AXL antibodies were used at 1:100 for Duolink and immunostaining. The phospho-AXL and phospho-ERK antibodies were used at 1:100 for immunostaining.
Western blotting
Whole-cell lysates were generated by lysis with radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich), along with protease and phosphatase inhibitor cocktails (Calbiochem). Tumor samples from the National University Hospital cohort (GSE69207) that have been previously subtyped (38) were lysed in 200 ml of RIPA buffer with protease and phosphatase inhibitor cocktails using a tissue homogenizer. Bicinchoninic acid assay was used to evaluate protein concentrations (#23225, Thermo Scientific). The Bio-Rad Mini Protean II apparatus was used to perform gel electrophoresis on the lysates, and the Bio-Rad Mini Trans-Blot apparatus was used to transfer the gel onto polyvinylidene difluoride membranes (#IPFL00010, Millipore). Membranes were blocked with LI-COR blocking buffer (#927-40000) and subsequently probed with primary antibodies. Incubation with secondary antibodies containing fluorophores at 1:20,000 dilution [IRDye 800CW-conjugated goat anti-rabbit (#926-32211) and IRDye 680-conjugated goat antimouse antibodies (#926-32220), LI-COR Biosciences] enabled visualization on the Odyssey Infrared Imaging System from LI-COR Biosciences. Full-length blots for the various experiments are shown in fig. S8 .
Single-cell motility tracking
The 10 epithelial ovarian cancer cell lines were seeded at 50% confluence in ibidi 24-well microplate and serum-starved overnight. They were stained for an hour with Hoechst nuclear dye (1:500,000; #62249, Life Technologies) and then stimulated with GAS6 (400 ng ml
), whereas control cells were left untreated and visualized under the SP5 Leica Confocal system overnight at intervals of 10 min. The results were analyzed in ImageJ software using TrackMate to calculate individual cellular displacements, velocity of locomotion, speed, distance travelled, and directional persistence. In the R428 studies, the cells were serum-starved overnight and preincubated with GI 50 non-Mes or GI 50 Mes concentrations of R428 for an hour, whereas control cells were incubated with DMSO and then stimulated with GAS6 (400 ng ml −1 ).
Gap closure assays
The 10 epithelial ovarian cancer cell lines were seeded at 100% confluence into culture inserts (#80209, ibidi) in a 24-well microplate and serumstarved overnight. CellMask membrane dye (1:4000; #C10049, Life Technologies) was added for an hour, the insert was removed to generate a 500-mm gap and stimulated with GAS6 (400 ng ml
−1
). Control cells were not stimulated. The cells were visualized under the SP5 Leica Confocal system overnight at intervals of 10 min. The results were analyzed in ImageJ software to generate the gap closure at 12 hours after GAS6 stimulation.
Reverse-phase protein array
Mes-subtype SKOV3 cell line and Epi-A subtype PEO1 cell line were serum-starved overnight and treated with GAS6 (400 ng ml −1 ) for 30 min or 12 hours, whereas control cells were untreated. RPPA procedure involved serial dilution of samples and subsequent colorimetric detection by antibodies upon tyramid amplification. Spot intensity assessment was done using the R package developed in-house at the MD Anderson Cancer Center with protein levels quantified by SuperCurve method (http:// bioinformatics.mdanderson.org/OOMPA). Data were log-transformed (base 2) and median-control-normalized across all proteins within a sample. The RPPA antibody list can be obtained at www.mdanderson. org/education-and-research/resources-for-professionals/scientificresources/core-facilities-and-services/functional-proteomics-rppa-core/ antibody-lists-protocols/functional-proteomics-reverse-phase-proteinarray-core-facility-antibody-lists-and-protocols.html.
Also, for the abundance of pMAPK (pThr 202 ) in ovarian tumors, level 3 RPPA data of ovarian cancer clinical samples were downloaded from TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). The subtype information was extracted from our previous gene expression analysis of the corresponding samples (3).
Duolink PLA assay For this proximity ligation amplification (PLA) assay (#DUO92102 and #DUO92104, Duolink, OLink Biosceinces, Sigma-Aldrich), cells were seeded on glass coverslips, serum-starved overnight, and treated with GAS6 (400 ng ml −1 ) for 30 min; control cells were untreated. The manufacturer's instructions were followed.
Immunofluorescence staining Cells were seeded on coverslips in full medium and left to adhere for 24 hours and to reach 50% confluence. After necessary serum depletion and/or treatments, cells were fixed with ice-cold 100% methanol for 5 min at −20°C and then rehydrated thrice in phosphate-buffered saline (PBS) for 5 min each. Coverslips were blocked for 30 min with 3% bovine serum albumin (BSA)/PBS and then incubated with primary antibodies in 1% BSA/PBS for 1 hour in a moist environment. After three washes with PBS, cells were incubated with fluorescently labeled secondary antibodies (1:400; Alexa Fluor Life Technologies, donkey antimouse, donkey anti-goat or donkey anti-mouse) in 1% BSA/PBS for 1 hour. After three washes with PBS, the coverslips were mounted using ProLong Gold antifade with 4′,6-diamidino-2-phenylindole (DAPI) with mounting medium.
Cholesterol depletion protocol MBCD (#C4555, Sigma-Aldrich) was used to deplete cholesterol. PEO1, OVCA429, SKOV3, and HEYA8 cells were grown on 13-mm coverslips and treated with 5 mM MBCD for 30 min at 37°C; control cells were maintained without cholesterol depletion. After MBCD treatment, cells were allowed to recover for 0 and 30 min, and 12 hours in serum-free medium and then fixed with ice-cold methanol for 5 min and rehydrated thrice with PBS. The cells were stained with Filipin (0.05 mg ml −1 ; #C4767, Sigma-Aldrich), diluted in PBS for 1 hour at room temperature, and rinsed thrice with PBS. The coverslips were mounted in non-DAPI mounting medium, and the filipin staining was observed under the 405-nm wavelength of a fluorescent microscope.
Chick CAM model
Fertilized chicken eggs were purchased from Henry Stewart & Co. Ltd., washed, and incubated at 37°C with 60% relative humidity on embryonic day 1 (ED1), for implantation on ED4. The method for the preparation of the CAM was a modification of a previously described technique (56) . Under sterile conditions, a small hole was pierced through the pointed pole of the shell using a 19-gauge needle, and a 2-cm diameter window of shell was removed to expose the CAM. The inner shell membrane was carefully removed with sterile forceps to expose the CAM. This window was covered with a sterile 10-mm tissue culture dish and sealed with Suprasorb F sterile wound healing film (Lohmann & Rauscher). Between ED7 and ED10 of incubation, the membranes are ready for the grafting of cancer cells. PEO1, OVCA429, SKOV3, and HEYA8 cells were preincubated with DMSO only (control cells) or with GI 50 non-Mes or GI 50 Mes concentrations of R428 for 48 hours. Grafts were prepared by suspending 10 6 cells in 100 ml of Matrigel (BD Biosciences). A medium to large blood vessel was then bruised using a sterile cotton bud, and 25 ml of the prepared graft, containing 1 × 10 6 cells was then inoculated onto this area. After inoculation, the window was covered, sealed, and placed back in the incubator. Tumor growth and viability of the embryo were checked daily. Tumor dimensions were measured using SteREO Discovery.V8 microscope (Zeiss) with the Zen 2.0 blue edition software (Zeiss).
AXL knockdown
Five validated AXL MISSION shRNA and control shRNA (shLuciferase targeting) bacterial glycerol stocks were purchased from Sigma-Aldrich. DNA was purified and extracted using PureYield Plasmid Miniprep System (Promega) and used to transfect 293T cells according to the manufacturer's protocol. The virus generated was subsequently filtered to remove 293T cell debris and used to infect OVCA429 and SKOV3 with polybrene (4 mg ml
−1
). The sequences that gave the maximum decrease in AXL protein abundance after infection and selection with puromycin (5 mg ml −1 ) were the following: TRCN0000001040 (clone ID, NM_021913.x-2909s1c1; sequence, CCGGCGAAATCCTCTATGT-CAACATCTCGAGATGTTGACATAGAGGATTTCGTTTTT) and TRCN0000001041 (clone ID, NM_021913.x-2151s1c1; sequence, CCGGGCTGTGAAGACGATGAAGATTCTCGAGAATCTT-CATCGTCTTCACAGCTTTTT). The nonspecific shLuciferase had the sequence CCGGCGCTGAGTACTTCGAAATGTCCTCGAGGA-CATTTCGAAGTACTCAGCGTTTTT (#SHC007). For the single-cell motility and gap closure assays, cells were seeded in complete medium and the experiments were carried out as described.
Soft agar assay Cells (10 6 ) from shAXL clones and control of SKOV3 and OVCA429 were seeded in a six-well plate using a previously established protocol. The anoikis-resistant cells formed colonies on the soft agar and were visualized on day 14.
Spheroid invasion assay Cells (5000) from shAXL clones and control of SKOV3 and OVCA429 were seeded in a Cultrex 96-well kit (3-D Spheroid BME Cell Invasion Assay; #3500-096-K, Trevigen), and the assay was performed following the manufacturer's protocol. Cell invasion was monitored over time, and optimal results were documents on day 3.
SKOV3 orthotopic xenograft mouse model
The SKOV3 orthotopic xenograft model was established by GenScript. The procedures involving the care and use of animals were reviewed and approved by the Institutional Animal Care and Use Committee to ensure compliance with the regulations of the Association for Assessment and Accreditation of Laboratory Animal Care. Five 6-week-old female SCID-Beige mice were used per condition and inoculated by intraperitoneal injection with a single volume of 200 ml of cell suspension with 5 × 10 6 cells to establish SKOV3 shLuciferase control, shAXL#40, and shAXL#41 ovarian cancer models. The study was concluded 4 weeks after injection of cells, and the number of tumors and tumor mass was assessed in each mouse using calibrated calipers. Tumor volume was calculated using the formula width 2 × length × 0.5.
Gene expression analysis and AXL signature Gene expression data were extracted from previously processed metaanalysis of 1538 ovarian cancer (3). To derive the AXL signature, genes that are most strongly and positively correlated with AXL gene expression (Rho > +0.45) were selected.
Statistical analysis
Statistical analyses were conducted using MATLAB R2012a version 7.14.0.739 and statistics toolbox version 8.0 (MathWorks). Statistical significance of differential expression was evaluated using either Student's t test or Mann-Whitney U test. A Spearman correlation coefficient test was applied to assess significance of correlation. Kaplan-Meier analyses were conducted using GraphPad Prism version 5.04 (GraphPad Software). Statistical significance of the Kaplan-Meier analysis was calculated by log-rank test. To perform Kaplan-Meier analysis of overall and disease-free survival for AXL signature in various cancers, stratification of patients was based on AXL signature score, which segregates patients into AXL-high and AXL-low groups referring to median score, or AXL-Q1 and AXL-Q4 referring to lowest 25% and highest 25% signature scores, respectively.
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